A cell-free system which catalyzes the biosynthesis of terpene hydrocarbons when supplemented with mevalonate, Mn"2, and ATP was prepared from the scutellum-embryonic axis region of maize seedings. The capacity of this system for the production of terpene hydrocarbons was enhanced 50-to 100-fold when the seedlings were exposed for 48 hours to the fungus Rhizopus stolonifer prior to tissue homogenization. The fimgi Aspergillus niger, Fusariwm monihforne, and VertiikAm albo-atrum also elicited this biosynthetic enhancement. The terpene hydrocarbon products were separable into six fractions by argentation thin layer chromatography. Radioactivity was Growth of Fungi. A. niger, R. stolonifer, Fusarium moniliforme M149, and C. cucumerinum were maintained on potato dextrose agar. The growth of R stolonifer sporangiospores and methods for the preparation of spore suspensions have been described elsewhere (12). V. albo-atrum SS4D was maintained on sucrose agar slants (0.01 g FeSO4.7 H20, 1.0 g K3P04, 3.0 g NaNO3, 30.0 g sucrose, and 15 g agar/l H20).
biosynthetic enhancement. The terpene hydrocarbon products were separable into six fractions by argentation thin layer chromatography. Radioactivity was contributed to five of these fractions when either geranylgeranyl pyrophosphate or copalyl pyrophosphate was supplied as substrate, suggesting that polycycic diterpenoid hydrocarbons were the main products. Large scale biosynthetic reactions led to the acquisition of about 1 miligram of terpene hydrocarbon products plus some more polar terpenoid products. Analysis of the hydrocarbon products by gas chromatography and mass spectrometry led to the separation of six distinct diterpene hydrocarbons plus a fraction with a molecular weight of about 550. Three of the diterpene hydrocarbons were identified as kaur-16-ene, kaur-15-ene (isokaurene), and pimara48 (14) ,15-diene. None of the terpene hydrocarbon fractions tested displayed antifungal activity in the Cladosporiun cucumeruswm thin layer plate assay.
The biosynthesis of casbene along with a number of other diterpene hydrocarbons from mevalonate or geranylgeranyl pyrophosphate was established in cell-free extracts of Ricinus communis L. (castor bean) seedlings (7, 8) . Subsequently, it was shown (11) that cell-free extracts from castor bean seedlings which had been exposed to Rhizopus stolonifer or other fungi had a much greater capacity for casbene biosynthesis than seedlings maintained under sterile conditions prior to homogenization. Furthermore, casbene was shown to possess antifungal properties. These observations led to the proposal that casbene serves as a phytoalexin in castor bean plants. This stimulated a search in other plants for the production of diterpenoid antifungal compounds which might have a role in disease resistance.
Preliminary unpublished results of R. R. Fall in this laboratory indicated that cell-free enzyme preparations from dark-grown Zea mays L. (maize) seedlings (5-6 days old), when supplemented with mevalonate, Mg2+, and ATP, produced materials which behaved chromatographically like diterpene hydrocarbons. This paper describes the effects of exposure of maize seedlings to fungi on the 'Supported in part by production of terpenoid substances in cell-free extracts, some properties of the system, and the characterization of some of the terpenoid metabolites formed. Growth of Fungi. A. niger, R. stolonifer, Fusarium moniliforme M149, and C. cucumerinum were maintained on potato dextrose agar. The growth of R stolonifer sporangiospores and methods for the preparation of spore suspensions have been described elsewhere (12) . V. albo-atrum SS4D was maintained on sucrose agar slants (0.01 g FeSO4.7 H20, 1.0 g K3P04, 3 .0 g NaNO3, 30.0 g sucrose, and 15 g agar/l H20).
MATERIALS AND METHODS
Seed Sterilization and Germination. Maize seeds (Early Golden Giant Hybrid and lochief) were shaken for 2 to 3 h at 30 C in a solution (100 seeds/ 100 ml) of 0.525% (w/v) NaOCl with 3 drops of Tween 20 per 100 ml. The seeds were rinsed six to seven times with sterile, deionized H20. The rinsed seeds were transferred to sterile Petri dishes (2 x 9 cm) containing two pieces of filter paper, one piece of cheesecloth, and 15 ml of sterile, deionized H20. The seeds were germinated in the dark at 25 C for 4 days at which time they were checked for contamination. Seedlings harboring visible contamination were discarded. Seeds for the large scale biosynthetic preparations were germinated in glass dishes (4 x 23 x 33 cm) with 100 to 125 seeds per dish under the above conditions.
Intentional Infection with Spores of R. stolonifer. Petri dishes containing filter paper and cheesecloth each received 4 ml of H20, 5 ml of sterile potato dextrose medium, and I ml of the spore suspension (-3 x 106 spores). Noninfected control dishes received 5 ml of sterile H20 and 5 ml of sterile potato dextrose medium. Five sterile, 4-day-old maize seedlings were placed in each dish and incubated in the dark at 30 C for 40 h before assays were performed. Seedlings germinated for the purpose of large scale biosynthesis in large glass dishes received 100 ml of the sporemedium suspension and were then subjected to further incubation under the above conditions. Preparation of Cell-free Extracts. The scutellum and embryonic tissue was dissected from seedlings to be assayed. Tissue displaying symptoms of advanced necrosis (brown colored) was discarded. The Purification of Biosynthetic Products. The stored product pools were combined and further concentrated to a volume of about 5 ml. The biosynthetic sample was applied to a silicic acid column (2.8 x 30 cm) packed in petroleum ether (30-60 C). The column was eluted with the following solvents: 250 ml of petroleum ether; 150 ml of petroleum ether-benzene (1:1, v/v); 150 ml of benzene; 500 ml of benzene-ethyl acetate (9:1, v/v). The less polar hydrocarbon materials eluted with the petroleum ether. The material designated "B" in Figure 1 eluted with the petroleum etherbenzene, while the polar materials required elution by benzeneethyl acetate.
The nonpolar hydrocarbons were further purified by use of a AgNO3-impregnated 5% (w/w) silicic acid column (1.5 x 18 cm) packed in petroleum ether. Following sample application, the column was eluted with 100 ml of each of the following solvents: petroleum ether (30-60 C), 20o (v/v) benzene in petroleum ether, 40%o benzene, 50%o benzene, and 75% benzene. Four radioactive peaks were eluted which corresponded (by TLC analysis) to the K, E, D, and C materials.
The B material was further purified on a column identical to the one described above with the exception that it was packed in petroleum ether-benzene (1:1, v/v). The column was eluted with 250 ml of the above solvent, followed by 350 ml of benzene. A minimum of six chromatographically distinct (by argentation TLC) radioactive peaks were obtained.
The mixture of K products obtained from column chromatography was deemed to be of insufficient purity (many nonradioactive components) and thus was further purified by argentation TLC. The standard AgNO3-impregnated silica gel plate was developed in petroleum ether-benzene (19:1, v/v). Two radioactive regions, K-1 and K-2, were recovered from the plate.
GLC. The instrument was fitted with a single flame ionization detector. The N2 flow rate was maintained at 25 ml/min. The column temperature was usually maintained at 170 C isothermal, although in some cases, it was programmed from 170 to 250 C at 10 C/min. A 3% (w/w) SE-30 column (3 mm x 1.5 m) was utilized in this work.
GLC-MS. The instrument used employed a GLC system very similar to the one described above except that He was the carrier gas (35 ml/min). The column described above was operated at 160 C isothermal. The GLC line-separator temperature was 215 C. The MS electron beam had a source temperature of 210 C and was operated at 70 ev and 500 ainp. Direct insertion runs used a probe temperature of 100 C.
Bioassay for Antifungal Substances. Diterpene hydrocarbons to be tested were developed on a silica gel TLC plate in petroleum ether (30-60 C). The plate bioassay with C. cucumerinum has been previously described (5) . Antifungal substances appeared as white spots against a black background of conidiospores.
RESULTS
Properties of the Cell-free System. Cell-free preparations from noninfected maize seedlings supplemented with RS-[2-`4Cjmeva-lonate, Mn2 , and ATP produced only very low levels of hydrocarbon-like terpene materials. However, if the seedlings were exposed to spores of R stolon!fer for 48 h prior to homogenization, the levels of "4C-materials possessing the properties expected of diterpene hydrocarbons rose substantially (Fig. 1) . The seedling tissue with the greatest activity was the combined scutellumembryonic axis region. The hydrocarbon-like radioactive products were separated into six zones, designated A, B, C, D, E, and K, by argentation TLC. The The reaction products were assayed as described under "Materials and Methods." The TLC plates were developed to 15 cm. The background counting rate has been subtracted from each fraction. The zones of radioactivity displaced from the origin are indicated by letters starting with A for the fraction nearest the origin; fraction K is so indicated because of its chromatographic coincidence with a reference sample of ent-kaurene. 0: origin; AgNO3: silver nitrate origin.
Maximal activity for terpene production in the cell-free extracts was seen 42 to 48 h after infection with R. stolonifer spores. Cellfree extracts of R. stolonifer mycelia did not possess the capacity for biosynthesis of these terpene hydrocarbon-like materials.
In order to test the specificity of this stimulation, three other fungi were tested for their ability to elicit terpene hydrocarbon production in maize seedlings in addition to the normally used R stolonifer, A. niger, F. moniliforme (G. fujikuroi) M419, and V. albo-atrum SS4D; none of these is a specific pathogen of maize. Sterile, 4-day-old, dark-grown seedlings were exposed to each fungus for 48 h. The extracts of seedlings which were exposed to the four fungi gave a significantly greater response than the extracts of untreated control seedlings (Table I) . Since the time for the maximal response to R stolonifer (48 h) was used in all cases, it is possible that less than optimal responses were obtained with the other fungi in these experiments.
The possibility that the products other than A were diterpenoid was tested with incubations in which more specific precursors of diterpene hydrocarbons served as substrates. Diterpene hydrocarbons are formed either through direct cyclization of geranylgeranyl pyrophosphate or from geranylgeranyl pyrophosphate via Plant Physiol. Vol. 64, 1979 the bicyclic labdadienol pyrophosphate intermediate copalyl pyrophosphate (9) or its enantiomer. Therefore, geranylgeranyl pyrophosphate and copalyl pyrophosphate were tested as substrates. Table II shows that geranylgeranyl pyrophosphate was incorporated into fractions B, C, D, and E in seedlings exposed to R. stolonifer spores; however, much lower incorporations into these fractions were seen in extracts from seedlings maintained under sterile conditions. Table III illustrates the incorporations ofcopalyl pyrophosphate into fractions B, C, and K. Substantial incorporations of copalyl pyrophosphate into fractions B and C were seen in extracts of both infected and noninfected seedlings of lochief variety maize. Incorporations of these substrates into fractions D, E, and K were not routinely measured in all experiments because of the relatively low amounts of these fractions often formed in comparison with fractions B and C. But from the entire series of experiments of this type performed, it was concluded that materials with the chromatographic mobilities of fractions B, C, D, E, and K are formed in extracts of infected seedlings from both geranylgeranyl pyrophosphate and copalyl pyrophosphate.
Amo 1618 (2'-isopropyl-4'-(trimethylammonium chloride)-5'-methylphenyl piperidine-l-carboxylate) is a plant growth retardant which has been shown to block the conversion of geranylgeranyl pyrophosphate to copalyl pyrophosphate in cell-free systems from Marah macrocarpus Greene (wild cucumber) and F. moniliforme (9) . Inclusion of this inhibitor at a concentration of 0.5 mm in a standard incubation with mevalonate as the substrate and an extract of infected maize seedlings as the source of enzyme led to inhibitions of 70, 60, and 80% in the formation of fractions B, C, and K, respectively, in comparison with a control incubation. This observation is also consistent with the hypothesis that at least a part of the terpene hydrocarbon products is derived from copalyl pyrophosphate and is therefore diterpenoid.
Purification of Hydrocarbon Products. Biosynthesis of the terpene hydrocarbon products was undertaken on a large scale to provide enough material for attempts at characterization. A total of 54 100-ml incubations were performed with mevalonate as the substrate and the cell-free enzyme preparation from a total of 8,000 maize seedlings, half of which were of the Early Golden Giant variety, and half the lochief variety.
The lipid-soluble terpene products were extracted and pooled. Purification was accomplished with silicic acid and argentation silicic acid chromatography. The silicic acid column afforded a leading peak containing a mixture of the less polar hydrocarbons, foilowed by a peak of B material and three origin material peaks, so-called due to their location at the origin in the standard TLC assay for hydrocarbon products. The less polar hydrocarbons were further separated and purified by means of argentation silicic acid column chromatography, GLC, and argentation TLC. The B products were separated by argentation silicic acid column chromatography. The origin peaks were not further purified. A total yield of nonpolar hydrocarbon and B products of about 1 mg was obtained.
Characterization of Hydrocarbon Products. Three distinct products were obtained from the K fraction. Two of these K components were resolvable only by GLC. The minor component [K-1(a)] possessed a mass spectrum which closely matched a spectrum of authentic pimara-8(14),15-diene. In both spectra, the M+ was 272 with a base peak of 137. We concluded that this component
chromatographic properties similar to the well known diterpene hydrocarbon kaurene. The mass spectrum of this material closely matched a reference spectrum of authentic ent-kaurene (13) . In each case, the spectrum yielded a M+ of 272 with a base peak of 69. However, there was some discrepancy between the spectra with respect to the intensities seen with m/e 257. The hypothesis that this major K component was kaurene was corroborated by a co-crystallization experiment with a small sample of biosynthetic
[14C]K-I(b) to authentic kaurene. The specific radioactivity of the kaurene crystals remained constant through four crystallization steps. We concluded that this major K component was kaurene.
The identity of the third component (K-2) was never adequately resolved due to the small amount available (about 2,ug).
Biosynthetic D contained a single component when analyzed by GLC. A mass spectrum obtained by GLC-MS corresponded exactly to a reference spectrum (13) of authentic isokaurene (M+ = 272; base peak of m/e 94). We concluded that the D material was isokaurene.
Three other diterpene hydrocarbons were purified, but their identities remain unknowKt. Kaurene, isokaurene, and pimara-8 (14) ,15-diene were also identified among the products obtained by direct extraction from 5,000 infected maize seedlings. The terpene products were extracted from the plant tissue with acetone and subjected to the same chromatographic and analytic procedures used for the biosynthetic products described above.
Antifungal Activity. One of the goals of this work was to determine if any of the products obtained from the maize cell-free system possesses antifungal properties. The C. cucumerinum assay on silica gel TLC plates was utilized for this purpose (5) . All seemingly relevant terpenoid materials which were available were tested. The results are presented in Table IV . None of the diterpene (10, 16) . Since extracts of lochief maize seedlings exposed to fungi incorporate both geranylgeranyl pyrophosphate and copalyl pyrophosphate into terpene hydrocarbons, it appears that exposure of these maize seedlings to the fungi leads to a stimulation primarily of the activity for the conversion of geranylgeranyl pyrophosphate to copalyl pyrophosphate. The molecular basis for this stimulation is not known.
No evidence was obtained to support the idea that the terpene hydrocarbons elicited in maize were in themselves antifungal compounds. The discovery of the oxidized diterpenoid momilactones as phytoalexins in rice seedlings, a member ofthe Gramineae family, suggests the possibility that oxidized metabolites formed from one or more of the diterpene hydrocarbons in maize might serve this role as well. The relatively polar fraction obtained from silicic acid chromatography of the lipids extracted from infected maize plants does contain antifungal substances according to results (not shown) of the Cladosporium thin layer plate assay. However, the nature of the active substance(s) in this impure fraction is not known. Interestingly, farnesol was tentatively identified as one of the constituents, and pure trans, trans-farnesol was found to be active in the Cladosporium assay in amounts as low as 5 jig. However, establishment of the chemical nature of the antifungal substances in the polar fraction and their possible relationship to the diterpene hydrocarbons and other terpenoid substances in maize will require further investigation.
The B component produced from mevalonate in maize extracts has interesting properties.The fact that it is labile and generates at least five components on storage complicates its analysis. These degradation products may differ primarily in the number and arrangement of double bonds since they are readily resolvable only by argentation chromatography. The B components appear from MS measurements to have mol wt in the mid-500 range equal to about twice that of a diterpene hydrocarbon. However, it seems likely that the bicyclic copalyl moiety of copalyl pyrophosphate is somehow incorporated into fraction B during its biosynthesis. Unfortunately there is not enough evidence available to permit meaningful speculations about the structure of this interesting component.
